The main objective of this study is to produce DNA markers of polymorphism between wheat and some important alien species. The applicability of 1,165 barley EST primer sets to amplify markers showing polymorphism between wheat and ten alien species, covering a wide range of variation in Triticeae, was investigated. These primers consisted of four series. Series 1 was randomly chosen from a pool of barley EST primer sets. The remaining three were pre-screened in a previous study and showed polymorphic and coamplified patterns between barley and wheat. From 22% to 100% of the primer sets amplified single clear bands in the species; from 29% to 75% of which were polymorphic to wheat. The frequency of amplification corresponded with their phylogenetic distance from barley. Many DNA markers showing polymorphism between each species and wheat were obtained. These markers are expected to be valuable in identifying the alien chromosomes added to a wheat genetic background. The usefulness of the markers in the basic and the applied studies of the wild species is discussed.
Introduction
The taxonomical tribe Triticeae, to which some important crops such as wheat and barley belong, is widely distributed in the world and possesses a great genetic variation. This variation could be utilized in breeding programs, as it is virtually possible to produce hybrids among various species in this tribe through embryo rescue. In polyploid wheat, for example, many lines with alien chromosomes or chromosome segments have been produced and some of them have been used in practical breeding programs (Friebe et al. 1996) . In the process of developing these lines, a precise technique for detecting the alien chromosomes or chromosome segment(s) is essential. Availability of PCR-based molecular markers capable of detecting specific alien chromosomes or chromosomal fragments would enhance the use of the alien genetic variations in wheat breeding. However, the current limited knowledge on the genomes of wild Triticeae species does not provide the necessary DNA information for developing specific molecular markers for these species. This would be overcome by using the genome information of barley and wheat. Hernández et al. (2002) examined the transferability of wheat and barley simple sequence repeat markers (SSRs) to the chromosomes of Hordeum chilense and demonstrate that these markers were a valuable resource for analyzing H. chilense chromosomes introduced to the genetic background of wheat.
Here we chose expressed sequence tag (EST) PCR primers of barley for the analysis of the alien species in Triticeae. EST resources provide sequences for developing a subcategory of sequence tagged site (STS) markers, which are known as expressed sequence tag-polymerase chain reaction (EST-PCR) markers. There are a number of advantages of using EST-PCR markers for genetic studies over randomprimed PCR markers. First, they originate from expressed sequences, and most of them can identify unique regions submerged in a large number of highly repetitive sequences, which are characteristic of the genomes of higher plants. Second, they are more likely to be conserved across species than non-coding regions, and thus to be useful for comparative mapping. Third, EST-PCR markers have the potential for being co-dominantly inherited, which allow the identification of two different alleles at heterozygous loci in diploid organisms (Schubert et al. 2001) . However, considerable investment is required to develop these markers, and thus its production has been limited to economically important crops. If EST-PCR primers designed for crops could be used for other species, they would be of great value, especially for related alien species. The ability to transfer mapped STS markers within the Poaceae family has been demonstrated Communicated by K. Takeda Received February 7, 2005 . Accepted May 11, 2005 both between cereal species (Erpelding et al. 1996) and among cereal and forage grass species (Taylor et al. 2001) .
Recently, a total of ca. 120,000 ESTs of barley strains 'Haruna Nijo', 'Akashinriki' and 'H602' (Hordeum vulgare ssp. spontaneum) were generated (Sato et al. 2003) in Okayama University, Japan. More than 60,000 cDNA sequences originating from the 3′ end were quality controlled and 10,336 primer sets were developed. Part of the information is available at http://www.shigen.nig.ac.jp/barley/. Using these markers for 93 doubled haploid lines between a barley cultivar 'Haruna Nijo' and the wild barley, H. spontaneum, Sato et al. (unpublished data) mapped about 2,000 fragments on the seven linkage groups.
The phylogenetic relationship in Triticeae has been resolved using morphological characters (Frederiksen and Seberg 1992) , cytogenetic evidence (Wang 1992 ) and molecular data (Hsiao et al. 1995 , Peterson and Seberg 1997 and Petersen et al. 2004 . Morphological phylogenies exhibit high levels of homoplasy and the relationships of many taxa are unsolved. However, Hsiao et al. (1995) concluded that molecular data, morphological characters, and biogeographical information are complementary and are all essential for making meaningful phylogenetic inferences. Phylogeny using the internal transcribed spacer sequence clearly suggested that Thinopyrum is closely related to Triticum and Secale (Hsiao et al. 1995) . Hordeum species are closely related each other specially the two species H. vulgare and H. bulbosum. Therefore, here we regarded Thinopyrum and S. cereale as wheat-related species. The selection criteria of species used in this study was firstly based on their contribution as chromosome donors to the addition lines in wheat and secondly to cover different genomic constitution, levels of ploidy, growth habitats, geographical distribution, and sexual reproduction systems.
In the present study, the applicability of 1,165 ESTbased barley PCR primer sets for assessment of polymorphisms between wheat and ten alien Triticeae species was examined. In addition, the usefulness of these markers in introducing the alien chromosomes in the genetic background of wheat and their application in breeding programs are discussed.
Materials and Methods

Plant materials
A total of 12 species of the tribe Triticeae were used ( Table 1 ). The common wheat (Triticum aestivum) cv. 'Chinese Spring' as the recipient cultivar of most chromosome addition lines and barley (Hordeum vulgare) cv. 'Betzes' as the chromosome donor of the addition lines were used. These plant materials are being maintained in Tottori Alien Chromosome Bank of Wheat (TACBOW), managed by the National Bioresources Project-Wheat, Japan.
DNA isolation and PCR
Total genomic DNA was extracted from young plant leaves using the CTAB method (Murray and Thompson 1980) . PCR was performed on a 96-well plate, with 10 µl reaction volume containing 10 ng template DNA, 5 pmol of forward and reverse EST primers, 1 µl 10X Ex-Taq buffer (20 mM Mg 2+ ), 0.8 µl dNTP mixture (2.5 mM each) and 0.25 U Ex-Taq DNA polymerase (TaKaRa, Japan). After the initial denaturation step at 94°C for 2 min, reactions were subjected to a touch-down amplification: 5 cycles at 94°C for 30 sec, 65°C for 30 sec (decreasing by 1°C/cycle), 72°C for 2 min and subsequent 35 cycles at 94°C for 30 sec, 60°C for 30 sec and 72°C for 2 min with a final extension step at 72°C for 7 min. Electrophoresis of the PCR products was performed on 1.5% agarose gel. The presence of a clear band was scored as one unit and its absence or the presence of complicated types of amplifications scored as zero. The number of co-amplified marker units for each species was calculated pair wise. The following equation was used to calculate the difference between each pair:
where d refers to the distance between the two species, a refers to the number of co-amplified marker units, and b and c refer to the number of amplified marker units for the first and second species, respectively. Unweighted pair-group method arithmetic average (UPGMA) clustering, NTSYSpcversion 2.1 (Rohlf 2000) was used to construct a tree dendrogram.
EST primers
Four series of barley EST primer sets were examined. Series 1 consisted of 384 primer sets that were chosen randomly from the pool of the barley EST primer sets. Series 2, 3 and 4 were pre-screened in the previous study (Sato et al. 2003) . Series 2 consisted of 651 primer sets that showed a clear single band in barley but not in wheat. Series 3 consisted of 42 primer sets that showed a clear single band with a different size in both barley and wheat whereas series 4 consisted of 88 primers that showed a clear single band of the same size. The four series originated from 10,336 ESTs markers which were produced on the bases of the ESTs information of barley cultivars 'Haruna Nijo', 'Akashinriki' and wild barley, H. vulgare ssp. spontaneum strain 'H602'. More information is available at http://www.shigen.nig.ac.jp/ barley/.
Results
Applicability of barley EST primers to the other Triticeae species
The number of amplified fragments differed with the species and the primer series. There were two types of presence/absence polymorphism between wheat and the alien species. In this study we considered only the presence of the .6 (39.9) 1) Primer series 1 consists of 384 barley primer sets that were chosen randomly. 2) Primer series 2 consists of 651 barley primers that showed a single band in barley but not in wheat in a previous study. 3) Primer series 3 consists of 42 barley primers that showed single band with different size in barley and wheat in a previous study. 4) Primer series 4 consists of 88 barley primers that showed a single band with the same size in barley and wheat in a previous study. 5) Number in parentheses is percentage of number of the amplified fragments for the species to total number of tested markers in each series. marker in alien species and its absence in wheat. Amplification of markers in wheat but not in alien species is not of interest, as we want to use these markers to detect alien DNA in the wheat genetic background. Percentages of primer sets that produced a single clear band in the studied species ranged from 22.5% to 100% (Table 2) . Moreover, 28.8-75.0% of the amplified fragments showed either presence/ absence or size polymorphisms between the species and wheat (Table 3) . A considerable number of single clear bands were produced in all the species using the primer sets of series 1 (Fig. 1 and Table 2 ). In addition to these single bands, faint multiple bands often appeared. These faint multiple bands may be attributed to non-homologous amplification due to the lack of homologous sequences in the genomes. Of the 384 primer sets in series 1, 11 primer sets failed to amplify bands with any of the studied species even with barley cultivar 'Betzes' (Fig. 2) . Interestingly, 9 primers sets produced the amplified fragment in some species but not barley. This may be due to difference in PCR condition and/or difference in barley cultivar from those used to develop the primer sets. The present barley cultivar 'Betzes' showed the highest number (364) of bands. Barley-related species (H. bulbosum and H. chilense) and polyploid species (L. mollis, T. aestivum, L. racemosus, and E. ciliaris) showed more bands than the other species i.e., 293, 216, 209, 200, 196 and 193 bands, re- spectively. An exception was H. bogdanii, which belongs to the same genus of barley, but the number of amplified bands was considerably low (165 bands).
Markers showing polymorphism between wheat and the alien species were needed to detect alien chromosome(s) in the wheat genetic background. Thus, in the second experiment we used primer series that had already been prescreened by the PCR with positive amplification in barley and negative in wheat (Sato et al. 2003) . Most of the 651 primer sets in series 2 that showed a clear single band in barley but not in wheat produced a single clear band in certain species while multiple faint bands in the others. These faint bands have not been counted as positive amplification units. Some primer sets could not amplify any PCR products in some species. From 39 to 651 markers for each species were obtained (Table 2) . More markers were obtained in the Hordeum species than in any of the other species.
To detect the size polymorphic markers between wheat and the alien species we used primer series 3 that produced a single band with a different sizes in both barley and wheat and primer series 4 that produced a single band with the same size in the pre-screening. Applying primers in series 3, we obtained from 9 to 42 markers. Primers in series 4 produced from 42 to 88 markers in the studied species (Table 2) .
In general, the average percentage of the fragments showing polymorphism between wheat and each species (Table 3) were higher in primers series 2 (100%) and 3 (67.3%) than that in series 1(28.5) and 4 (10.0%). We obtained a total of 2,954 markers showing polymorphism between wheat and the other species. The total number of poly-morphic markers showed a great variation among the species. H. vulgare, H. bulbosum and H. chilense had the highest number of markers showing polymorphism with wheat and ranged from 859 to 292 markers. L. mollis, L. racemosus, E. ciliaris, P. huashanica, and D. villosum showed 224, 182, 179, 149 and 132 markers, respectively. Meanwhile, S. cereale and Th. elongatum had the lowest number of markers (82 and 78 markers, respectively).
Co-amplification of barley EST markers among species in Triticeae
Most primer sets produced the amplified fragment in barley as well as in the other species. A total of 1,165 barley EST primer sets were used to calculate the degree of coamplification between each two species (Table 4 ). The frequency of co-amplification of barley EST markers in the present species is shown in Fig. 2 . There were 171 markers amplified only in barley. In barley and one of the alien species, mainly H. bulbosum, 250 markers were co-amplified; 53 markers were co-amplified in all 12 species (Fig. 2) . Of the primer sets that amplified a clear band in barley (1,145 primers in total), 71.6% produced the amplified fragment in H. bulbosum, whereas, 22.5% and 23.7% produced the amplified fragment in S. cereale and Th. elongatum, respectively. This frequency seemed to correlate well with the phylogenetic relationship of the species with barley. This was evident from the dendrogram drawn based on the coamplification frequency (Fig. 3 ).
Discussion
The aim of this study is to obtain markers showing polymorphism between the alien species and wheat. Therefore, barley EST information was used, instead of wheat ESTs, to produce markers for identifying alien chromosomes in the wheat genetic background. Sato et al. (2003) reported that 1,694 out of 5,133 markers (33.0%) showed presence/absence type of polymorphism between barley and wheat. We tested four series of barley EST primers in this study; the first series consisted of randomly chosen EST primers, while the remaining three series consisted of prescreened primers showing presence/absence type of polymorphism and co-amplified fragments with the same or different size between wheat and barley. For the four series, the frequency of markers showing polymorphism between wheat and the alien species was found to be correlated with the phylogenetic relationship with barley.
In this study, a total of 1,165 primer sets with average size of 20 base pairs were examined. This implies that the homology of 46,600 base pairs (1,165 × 20 × 2) was determined by PCR analysis. It would be difficult to directly discuss the phylogeny of the species based on the data since several factors are involved in the annealing between the primers and the genomic DNA. However, the dendrogram drawn from the present data did not deviate largely from the real feature of their phylogeny (Fig. 3) (Hsiao et al. 1995 , Peterson and Seberg 1997 and Petersen et al. 2004 ). The huge variation in Triticeae is a potential genetic resource for breeding of cultivated species within the same tribe, especially common wheat. However, the removal of deleterious genes located on the same alien chromosome is necessary before introducing the lines to practical breeding. Only small chromosome segments with useful gene(s) must be transferred to the wheat chromosome by homoeologous chromosome recombination using the ph1 gene or its suppressor Ph I (Sears 1977 , Chen et al. 1994 , Aghaee-Sarnarzeh et al. 2000 or by translocation using irradiation (Sears 1967 , 1993 , Tsujimoto et al. 2001 . PCR markers located on the targeted segment would be helpful for following the desired chromosome segment with useful trait. This study showed that barley EST markers could be used to identify alien chromosomes of Triticeae. A considerable number of markers (78-859) were obtained for each species (Table 3) . Because the genomes of the Triticeae consist of seven chromosomes, this number implies the presence of 11-122 markers on average for each chromosome. Using the sets of markers for the same alien chromosomes, the processes of homoeologous recombination and translocation could be followed.
Most barley ESTs have already been localized on the rice linkage map by sequence homology comparisons between their original barley ESTs and the public rice genome information (http://earth.lab.nig.ac.jp/~dclust/cgi-bin/barley_ map_pub/index.html). Via barley ESTs the genome information of Triticeae species can be linked to rice, a model plant, in which the genome sequence has been completed. The very limited information for genome research in the minor Triticeae species can be partly overcome by using the barley EST markers. Many of these markers have already been marked on the fine linkage map of barley. This allows us to identify the part(s) of alien chromosomes homoeologous to the barley chromosome, and to trace back the chromosome evolution to allocate the markers on the alien chromosomes. The concept of using barley EST primers in the development of markers proposed here is expected to promote the use of variations in alien species of Triticeae for practical breeding programs in wheat. Further studies are in progress to allocate these barley EST markers on each alien chromosome added in wheat and to isolate broken alien chromosome(s) by the Gc gene-system (Endo and Gill 1996) and heavy ion irradiation (Tsujimoto et al. 2001) . These chromosomes will reveal more information on the homoeologous relationship in the genomes of Triticeae.
